SUMMARY. Aspergillosis, a disease caused by infection with Aspergillus spp., is a common cause of death in birds globally and is an irregular cause of mortality of captive kiwi (Apteryx spp.). Aspergillus spp. are often present in rotting plant material, including the litter and nesting material used for kiwi in captivity. The aim of this study was to survey nocturnal kiwi houses in New Zealand to assess the levels of Aspergillus currently present in leaf litter. Samples were received from 11 nocturnal kiwi houses from throughout New Zealand, with one site supplying multiple samples over time. Aspergillus was isolated and quantified by colony counts from litter samples using selective media and incubation temperatures. Isolates were identified to the species level by amplification and sequencing of ITS regions of the ribosomal. Aspergillus spp. were recovered from almost every sample; however, the levels in most kiwi houses were below 1000 colony-forming units (CFU)/g of wet material. The predominant species was Aspergillus fumigatus, with rare occurrences of Aspergillus niger, Aspergillus nidulans, and Aspergillus parasiticus. Only one site had no detectable Aspergillus. The limit of detection was around 50 CFU/g wet material. One site was repeatedly sampled as it had a high loading of A. fumigatus at the start of the survey and had two recent clinical cases of aspergillosis diagnosed in resident kiwi. Environmental loading at this site with Aspergillus spp. reduced but was not eliminated despite changes of the litter. The key finding of our study is that the background levels of Aspergillus spores in kiwi nocturnal houses in New Zealand are low, but occasional exceptions occur and are associated with the onset of aspergillosis in otherwise healthy birds. The predominant Aspergillus species present in the leaf litter was A. fumigatus, but other species were also present. Further research is needed to confirm the optimal management of leaf litter to minimize Aspergillus spore counts. However, in the interim, our recommendations are that leaf litter should be freshly collected from areas of undisturbed forest areas and spread immediately after collection, without interim storage.
The New Zealand native kiwi (Apteryx spp.) is in decline, with several species listed as critically endangered (17) . Habitat destruction and predators have contributed to a decline in population levels to a point that intervention is now required to ensure survival of this national iconic bird. The captive breeding program and Operation Nest Egg are important tools in efforts to save the endangered kiwi of New Zealand. Mortality is high in chicks born in the wild, with estimates of 90% mortality in unmanaged areas, largely due to mustelid predation (22) . Adults may only have two to three chicks over the course of lifetime because of predation from possums, stoats, ferrets, cats, dogs, and pigs; therefore, captive rearing and breeding are one of the main methods used to stabilize and replenish wild kiwi populations. Consequently, there are a number of kiwi nocturnal houses throughout New Zealand that are used for advocacy and, to a lesser extent, for captive breeding.
Kiwi nocturnal houses are fully enclosed buildings that provide public viewing of kiwi, who are separated from people by either glass or low wall barriers. The kiwi enclosures have a soil base that is planted with native vegetation, and leaf litter is brought in at varying intervals to provide ground cover and to stimulate kiwi into displaying natural probing and foraging behavior for invertebrates. The enclosures are watered regularly to encourage plant growth and to prevent the soil from becoming compacted. The nocturnal houses are artificially lit and on a reverse daylight schedule to allow kiwi to display their normal nocturnal activity (7).
In captivity, there are other potential causes of mortality. Aspergillosis is most commonly a respiratory ailment caused by the fungi Aspergillus spp. (Trichocomacae: Ascomycota), primarily Aspergillus fumigatus. Aspergillus spp. are a naturally occurring ubiquitous soil-borne fungi, of which there are 180 known species, filling many ecologic niches from soil and leaf litter saprophytes to pathogens of a wide range of species, including mammals, birds, and humans (3) . Aspergillus fumigatus accounts for more than 90% of all invasive aspergillosis cases (5) . A review of the postmortem database held at the Institute of Veterinary, Animal and Biomedical Sciences, Massey University, showed that between 1997 and 2011, 17 captive kiwi had died of pneumonia and airsacculitis due to A. fumigatus.
Aspergillus spp. result in a common disease of wild and domestic birds around the world (23) . Most infections occur through inhalation when birds are exposed to high levels of spores and damp conditions and/or if the birds are immunosuppressed. Infection can cause three main diseases in avian birds: infiltrative bronchopneumonia, granulomatous pneumonia and airsacculitis, and open fungal plaques in the air sacs (3). All typically form in the respiratory tract, but infection does depend on the spore size and where the fungus settles in the body. The fungus frequently invades blood vessels and may disseminate widely throughout the body (3).
Aspergillosis has been recorded regularly in other New Zealand bird species. The hihi or stitchbirds (Notiomystis cincta), a New Zealand honey eater, has been extirpated from mainland New Zealand and has been introduced into a number of islands to reestablish populations. Mortality rates have been high, and one study found high levels of aspergillosis, with 14% confirmed cases and a further 44% suspected on one island (1,21). The fungus, A. fumigatus, was confirmed for one case, and high levels of Aspergillus were found in hihi nesting material on Mokoia (20).
Aspergillus spp. are often present in rotting plant material, including the litter and nesting material used for kiwi in captivity. Generally, the presence of Aspergillus in these materials is not enough to cause disease. However, when spores are present in large numbers, the fungus can infect birds and cause disease. There have been sporadic deaths due to aspergillosis in captive kiwi over the last 20 yr; it has been suggested that the infections are due to high fungal spore counts in the leaf litter or immune compromise in the birds. However, there are no guidelines for safe levels of Aspergillus spores in the leaf litter used in kiwi houses and no studies reporting levels of Aspergillus in kiwi breeding areas.
Two adult brown kiwi in a nocturnal house in New Zealand concurrently developed severe pneumonia and airsacculitis, and the causative organism isolated from both clinical and postmortem samples was A. fumigatus. The sudden onset of this disease in two otherwise-healthy kiwi was strongly suspicious for a high environmental burden of fungal spores. The aim of this study was to survey nocturnal kiwi houses in New Zealand to assess the levels of Aspergillus currently present in leaf litter, especially A. fumigatus, which has been implicated in kiwi deaths in New Zealand.
MATERIALS AND METHODS
Samples of breeding materials. A request for samples was sent to 16 nocturnal kiwi houses in New Zealand, along with collection instructions. A questionnaire was also included that asked for details of the number of nocturnal houses and kiwi, the regime of leaf litter management used in the houses, the source of leaf litter, vegetation type, and temperature and humidity of houses. A map of the collection sites was also obtained.
Each sample was taken from within the nocturnal houses and included material from the surface of the litter down to the soil layer. At least three samples from evenly spread locations within the houses were collected, and in most cases, more than 20 g of wet material was collected per sample. Samples were couriered to Lincoln University for processing. Samples were stored at 4 C until isolation (usually 1-4 days).
Isolation from soil, leaf, and litter. From each sample, a 20-g wet material subsample was placed in 180 ml of 0.01% Triton X-100 and shaken on a Stuart (Staffordshire, U.K.) flask shaker at 300-400 rpm for 30 min. Serial dilutions were then prepared in 0.01% Triton X-100. For each dilution, duplicate plates were prepared. One hundred microliters of each dilution was spread over the surface of an agar plate and incubated in the dark at 35 C. The method used selected for Aspergillus spp. that could grow at over 35 C, a temperature that precluded the growth of many other common environmental fungi. Therefore, Aspergillus spp. predominantly grew on the isolation plates. Two media were trialed: the Aspergillus selective agar DRBC (Difco, Franklin Lakes, NJ) and a semiselective potato dextrose agar (PDA)-based agar ''BST''. BST consisted of PDA (Difco) amended with 350 mg/L streptomycin sulfate (Sigma Chemical Co., St. Louis, MO) and 50 mg/L tetracycline hydrochloride (Sigma Chemical Co.). There was a highly significant linear relationship (R 2 5 0.987) between the quantitative levels of Aspergillus recovered using both media (Table 1) , but BST was cheaper and easier to source, so it was used for the study. After 2-4 days, colonies were examined under a light microscope and the Aspergillus morphotypic colonies counted. Note was made of the number and frequency of each colony morphotype. Selected samples of each morphotype were subcultured on PDA (without antibiotics). Pure cultures were used for DNA extraction.
Molecular characterization. To identify the isolates to species level, a portion of the ribosomal DNA (rDNA) was amplified and sequenced from the 39 end of the 16S rDNA gene to the 59 end of the 26S rDNA, incorporating internal transcribed spacer (ITS)1-5.8S-ITS2 (4). DNA was isolated using the Viogene plant DNA extraction kit (Viogene, Taipei, Taiwan) following the manufacturer's instructions. DNA was extracted from mycelia grown in PDA for 2 days at 35 C via shaking. Mycelium was harvested by filtering through Whatman no. 1 filters, and then less than 100 mg of wet hyphae was ground in liquid nitrogen before processing with the Viogene kit. DNA was resuspended in single distilled water.
The concentration of DNA used in the PCR reactions was determined empirically and ranged from 1 to 103 dilution of the initial isolation. PCR amplification of the rDNA was performed in 25-ml volumes consisting of 0.4 mM of each primer (Invitrogen, Carlsbad, CA), 200 mM deoxynucleotide triphosphates, 2.5 ml reaction buffer, 1.5 mM MgCl 2 , 2 ml DNA, and FastStart Taq (0.7 U/reaction; Roche, Basel, Switzerland). Amplifications were performed in a Bio-Rad thermal cycler using a hotstart (95 C for 5 min), followed by 40 cycles of 45 sec at 95 C, 45 sec at 55 C, and 2 min at 72 C. Primers used were TW81 and AB28 (4). Amplified DNA was visualized on a 1% agarose gel and then sequenced by the Bio-Protection Research Centre (Lincoln, New Zealand) sequencing unit. Both strands were sequenced and the results aligned in Chromas Pro, then identification was confirmed using the BLAST programs (2) . Sequences were aligned with reference sequences from GenBank (Table 2) using DNAMan (Lynnon Biosoft, Vandreuil, Quebec, Canada) and MEGA 5 (15,27) using the NeighborJoining method (24) . Bootstrap test was conducted using 500 replicates (10), and the results are shown next to the branches (Fig. 1) . The evolutionary distances were computed using the Kimura two-parameter method (14) , and there were 389 positions in the final data set. Sequences obtained in this study have GenBank accession numbers KF020278-KF020313.
RESULTS
Samples were received from 11 nocturnal kiwi houses from throughout New Zealand, with one site supplying multiple samples over time. Samples were mainly received between April and August 2011.
Aspergillus spp. were recovered from almost every sample; however, the levels in most kiwi houses were below 1000 CFU/g of wet material (Table 3 ). The predominant species was A. fumigatus, with rare occurrences of Aspergillus niger, Aspergillus nidulans, and Aspergillus parasiticus ( Table 2 ; Fig. 1 ). Sites 1, 2, 7, and 8 had higher levels of A. fumigatus than did other sites. Only one site (site 5) had no detectable Aspergillus. The limit of detection was around 50 colony-forming units (CFU)/g wet material.
Site 1 was repeatedly sampled, as it had a high loading of A. fumigatus at the start of the survey (Fig. 2) and had experienced two recent clinical cases of aspergillosis diagnosed in resident kiwi. Both enclosures had all leaf litter and topsoil replaced, so the samples over time reflect the effects of aggressive management. Despite the significant lowering of the Aspergillus levels, it could not be eliminated from the houses. There was a small background of A.
niger and A. parasiticus present in some samples taken from site 1 on June 22, 2011, and at September 6, 2011, but no more than 500 CFU/g was ever recorded of these other species.
Molecular identification using sequencing of the rDNA demonstrated that the majority of colonies recovered were A. fumigatus (Fig. 1) . The isolations were almost identical, except for a single base pair at around 70 bp from the 59 end of the trimmed region. The change, between a T and C, did not correlate with any colony morphology or location. Morphology of colonies varied among the A. fumigatus that was not reflected in the sequencing analysis, although only one DNA region was examined. A single colony recovered from site 8 was identified as a close relative to the A. fumigatus, Aspergillus fischerianus (teleomorph 5 Neosartorya fischeri).
Effect of management strategies. Each manager who submitted samples for testing also completed a questionnaire regarding the kiwi house and management practices. The responses are summarized in Table 4 . It is difficult to draw conclusions between the recovery of Aspergillus and management on this data, but there was some correlation between the age of the litter since last change and the level of Aspergillus (Fig. 3) , although this was not supported by any statistical evaluation (R 2 5 0.13). The kiwi nocturnal house with high levels of Aspergillus present had stored leaf litter in sealed plastic bags for 48 hr between collection and distribution within the kiwi house.
DISCUSSION
Aspergillosis is a threat of holding kiwi in captivity. No research has previously looked at the background levels of Aspergillus in kiwi houses. In this study we found A. fumigatus present at almost all sites. Aspergillus fumigatus is a recognized cause of aspergillosis, so if present in high concentrations it would be dangerous to kiwi. Levels detected were generally low, under 100 CFU/g litter, but in several instances we found much higher levels. The level at which Aspergillus causes aspergillosis is not well documented and is dependent on a number of factors, including the health of the birds. The two main primary conditions under which inhalation of Aspergillus spores results in infection are either 1) overwhelming exposure to large numbers of spores, which can result in disease in otherwise-healthy birds, or 2) immune system compromise through concurrent disease, stress, or malnutrition (3, 11) . Kiwi are ground foraging birds that require the regular provision of leaf litter to indoor enclosures for foraging and enrichment; therefore, simply excluding the use of leaf litter is not a viable management option. Given the ubiquitous nature of Aspergillus spores in leaf litter and other decaying vegetable matter it is impractical to consider eradicating Aspergillus from the environment altogether. However, outbreaks of disease due to overwhelming spore exposure should be able to be prevented by managing the leaf litter used as substrate in kiwi nocturnal houses and by avoiding climatic conditions that favor fungal growth.
Several other Aspergillus were found in low numbers. Aspergillus parasiticus is a known producer of aflatoxins, belongs to the Flavi section of Aspergillus, and can be difficult to distinguish from closely related species (8) . Aspergillus niger is a common clinical isolate and has also been implicated in aspergillosis (28). Aspergillus nidulans is used as a model organism for mycologic studies and is also implicated in some diseases (12) . Neosartorya fischeri (anamorph A. fischerianus) is a sexual Aspergillus species and the closest relative to A. fumigatus (25).
The diagnosis of aspergillosis in birds at postmortem examination is based on the gross and histologic findings and fungal cultures (11). The diagnosis of the disease in live birds is more challenging (3). Suspicion of aspergillosis is often based on clinical signs of lower respiratory tract disease, with supportive evidence from ancillary diagnostic techniques such as radiography and hematology (11). However, many birds may show no clinical signs of illness prior to death (3). The ubiquitous nature of the organism means that serologic diagnosis is unreliable in birds (11). Confirming the diagnosis of aspergillosis in live birds usually requires more invasive tissue biopsies and cultures using endoscopy (11). Treatment of aspergillosis in birds requires weeks of medication with systemic and nebulized antifungal agents and has a guarded prognosis (3) . Given the difficulties with diagnosis and treatment of aspergillosis, prevention of the disease is worthwhile.
The effects of habitat disturbance on disease occurrence can be subdivided. Habitat disturbance may increase stress levels in the host organisms, reducing immunocompetence (9, 16, 30) , or it may increase the prevalence of the disease-causing organism in the environment (6, 19, 21 ). This distinction is critical for disease management. If the effect is due to stress, management can be based solely on the autecology of the host species and may involve improving factors, such as nutrition or shelter. If the effect is due to increased prevalence of the pathogen, it is necessary to understand the ecology of the pathogen in relation to disturbance. For obligate parasites, an increase in prevalence could be related to an intermediate host. For facultative parasites such as A. fumigatus, an increase could be associated with any aspect of the organism's environment (21).
Factors that have been suggested to increase the load of spores within a captive facility include a warm environment, high humidity, poor ventilation, poor sanitation, and the long-term storage of feed (3); however, no firm data support these suggestions. Our results suggest that, in general, the current management of New Zealand kiwi nocturnal houses does not promote the development of high levels of spores in the captive environment. While not conclusively determined in this research, it is strongly suspected that the high environmental loads of Aspergillus spores in one kiwi nocturnal house resulted from the storage of leaf litter in sealed plastic bags for 48 hr before it was spread out through the nocturnal house. This temporary storage of the material would have resulted in ideal warm, humid conditions for the proliferation and sporulation of the fungus. The kiwi house with the high spore count had two birds clinically affected with aspergillosis, both of which died despite treatment.
One key recommendation based on our findings is that leaf litter collected for use in kiwi houses should be transported and placed as May 2011  500  -2  1000  -3  2500  -3  1  May 2011  500  -2 and 3  0  -4  1  May 2011  500  -2 and 3  0  -5 1 2011  500  50  2  2725  500  3  8000  1675  9  1  June 2011  300  100  2  1175  50  3  500  50  10  1-1  June 2011  500  -1-2  350  -1-3  500  -2-1  0  -2-2  1000  -2-3  100  -11  1 substrate with minimal interim storage. However, we recognize that this is complicated by the need to screen leaf litter for metallic foreign bodies before use. Kiwi are known to ingest such metal objects, and nails, screws, and wire have caused the death of captive birds as a result of gastrointestinal perforation (18) . We suggest there is a need for further study to identify the optimal management of leaf litter to minimize Aspergillus spore burdens. Factors that may influence this include the frequency of leaf litter changes, the effect of light regimes, and the temperature and humidity of the enclosure. Wicklow (29) and Perrott (20) demonstrated that by removing leaf litter in forest sample plots, conditions favored the establishment of A. fumigatus. Leaf litter removal experiments were conducted to investigate whether leaf litter removal is a factor influencing the abundance of A. fumigatus. Results showed that leaf litter disturbance and drought conditions increase the abundance of A. fumigatus in the soil. Perrott (20) observed an average 24% increase in A. fumigatus densities 1 mo following leaf litter removal. Both treatment and control plots showed strong seasonal changes in A. fumigatus densities, and these were closely correlated. Aspergillus fumigatus densities showed a biannual cycle, with density peaks in spring and autumn. It should be noted that our study did not consider seasonal changes in fungal loads in leaf litter. While the indoor nature of the nocturnal houses will buffer seasonal changes within the nocturnal house, the collection of leaf litter at different times of year has significant effects on fungal load and species diversity.
In addition, results indicate a high persistence of A. fumigatus 2 yr following the disturbance event. Leaf litter removal favors the establishment of fungal species capable of growth at elevated soil temperatures and able to survive periods of excessive drought through the production of resistant propagules (e.g., sclerotia in the case of A. fumigatus). Aspergillus are among a small group of cellulose-degrading fungi capable of growth at high temperatures (above 50 C) and low soil water levels of around 0.75 relative humidity (26). Management considerations are difficult to develop because of the broad environmental tolerances and facultative nature of A. fumigatus. More information on the ecology of A. fumigatus is required; however, we can suggest some basic management considerations. The recommended site for collection of leaf litter is from mature forests away from forest edge areas, as these areas have been previously shown to have the lowest mean levels of A. fumigatus (20).
High temperatures (e.g., .25 C) and/or excessive drying out of leaf litter increase the abundance of A. fumigatus and decrease the diversity and abundance of less tolerant microflora. Hong et al. (13) found that the intraspecific genetic variation of A. fumigatus was low, but morphologic variation was high. Our results were similar, with colony morphology varying but with little genotype variation. However, only a small fragment of a highly conserved region was analyzed. According to recent studies, specific genotyping of A. fumigatus is achieved using small portions of the b-tubulin (btub) and rodlet A (rodA) genes (25). The benefit of using ITS in our study was that many representative Aspergillus species sequences were available in GenBank, ensuring a species match.
The key findings of our study are that the background levels of Aspergillus spores in kiwi nocturnal houses in New Zealand are low, but that occasional exceptions occur and are associated with the onset of aspergillosis in otherwise-healthy birds. The predominant Aspergillus species present in the leaf litter was A. fumigatus, but other species were also present. Further research is needed to confirm the optimal management of leaf litter to minimize Aspergillus spore counts. However, in the interim our recommendations are that leaf litter should be freshly collected from areas of undisturbed forest areas and spread immediately after collection, without interim storage.
